Objective: The purpose of this study was to evaluate whether MIB-1 labeling index (LI) could be used to predict growth velocity of residual pituitary adenomas after surgery. Materials and methods: One hundred and sixty pituitary adenomas which had not received other treatment modality except for surgery were collected. Each of them had at least two post-operative magnetic resonance imaging (MRI) studies with an interval of at least 1 month apart. Tumor volume doubling time (TVDT) was calculated for those in which volume increased. Results: Post-operative tumor progression was noted in 54 (33.8%) cases, of which 39 (72.2%) cases were non-functioning adenomas. The MIB-1 LIs of the functioning and non-functioning adenomas were not significantly different. The median TVDT of these 54 cases was 34.6 months. The mean and median MIB-1 LI were 2.7 and 1.1 respectively (range 0.4-20.6). The MIB-1 LI was significantly correlated with log 2 (TVDT) (rZK0.363, PZ0.007); when LI was !0.8, the TVDT of 90.5% cases was R 2 years. Conclusions: Only one-third of the pituitary adenomas progressed after surgery, and their MIB-1 LIs were generally low. The MIB-1 LI was significantly correlated with the MRI detected TVDT of post-operative residual pituitary adenomas.
Introduction
Pituitary adenomas are usually treated by surgery. Conventional radiotherapy (RT) or gamma-knife radiosurgery (GKRS) could be used for primary treatment or post-operative residual tumors. Since radiotherapy is not without adverse effects, such as radionecrosis or radiation-induced tumors (1) (2) (3) , the timing for using RT/GKRS to treat post-operative residual pituitary adenomas could be adjusted based on the growth rate of tumors.
The MIB-1 MAB recognizes Ki-67 protein, which is expressed over the entire cell cycle except for G 0 phase. It has been employed as an operational marker of cell proliferation for various types of tumors (4, 5) . Many researchers have studied the MIB-1 labeling index (LI) of pituitary adenomas , and most of them were focused on its relationship with invasiveness or recurrence of the tumor. However, there has been no consensus on the above subjects. The comparisons of the results of different series were difficult since the inclusion criteria of most studies were different.
In this study, we intended to evaluate whether MIB-1 LI correlates with growth velocity of pituitary adenomas, which was through the evaluation of tumor volume doubling time (TVDT) calculated from serial magnetic resonance imaging (MRI) studies. There were four studies in the literature evaluating the relationship between MIB-1 LI and pituitary adenomas' growth rate or TVDT derived from serial image studies (7, 19, 20, 27) . Three of the studies showed a significant inverse correlation between MIB-1 LI and growth rate of pituitary adenomas. However, all these studies only evaluated non-functioning tumors, and two of them also used data from mixed image studies, i.e. computerized tomography (CT) and MRI. The TVDT estimated in two studies was also different, one being 930G180 days (meanGS.D.; range 200-2550 days) (7) and the other being 1836G3445 days (506-5378 days) (20) . The growth velocity was described as linear growth in one study (19) , while it was concluded as exponentially linear growth in the other study (20) .
In this study, we included both functioning and non-functioning pituitary adenomas, and used only MRI to calculate tumor volume and TVDT.
Materials and methods
From January 1993 to April 2004, there were 569 cases (637 tumors) of pituitary adenomas in the surgical pathology file of the Taipei Veterans General Hospital, Taipei, Taiwan. Cases that had two or more MRI studies with an interval of more than 1 month apart and did not receive RT, GKRS, or medication such as bromocriptine during the entire course and for which the surgical intervention was not between the two MRI studies were included. Because only a few cases had two or more preoperative MRI studies, this study only included 160 cases that had two post-operative MRI studies.
All MRI examinations were conducted using 1.5 Tesla MR scanners. The MR scanning parameters might have changed over the 11-year period with the concerns of imaging system optimization. Nevertheless, T1-weighted coronal views of pituitary fossa with same scanning positioning in pre-and post-gadolinium-based contrast medium administration with 3-mm slice thickness/0-mm gap were included in all MRI examinations. Tumor delineation was performed retrospectively by an experienced neuroradiologist (W Y G) in a short studying time. The tumor volume, based on meticulous comparison of pre-and post-contrast coronal view MRI, was defined as the sum of all tumor slabs measured on each tumor slice multiplied by 3 mm. For tumors that were not discernible from the first MRI, their volume was assigned to be 1 mm 3 (0.001 ml). The tumor volume of the second MRI (V 2 ) was compared with that of the first MRI (V 1 ). The TVDT was calculated in cases that increased in size during the observation period by the following formula: TVDTZinterval!log 2 (2)/log 2 (V 2 /V 1 ) (28) .
Paraffin-embedded tissue blocks of the study cases were recut for hematoxylin and eosin staining and immunohistochemical staining for Ki-67 (clone MIB-1, monoclonal, 1:75, Dako, Glostrup, Denmark; Dako ChemMate Detection Kit, peroxidase (ChemMate); microwaved three times for 5 min each time). Positive and negative controls were included with each batch of the sections to confirm the consistency of the analysis. Sections from one glioblastoma which had a known average MIB-1 LI of 43.3 (S.D. 2.1) were used as a positive control. The batch of MIB-1 staining was considered acceptable when the LI of the control section was within the range of 39-47.6. Normal brain tissues from autopsy were used as a negative control.
For the MIB-1 stainings, any distinct nuclear staining was recorded as positive. The MIB-1 LI was defined as the percentage of positive staining tumor cells. Five fields (more than 1000 tumor cells) from the area of maximal labeling were chosen for photograph at a magnification of 400!. Computer-assisted manual counting using Image-Pro Lite (Media Cybernetics, L.P., Bethesda, MD, USA) was performed. Vascular components and hematogenous cells were excluded from the analysis.
The general data including date of birth, gender, presence or absence of hormonal and/or neurological symptoms, date of surgery, history of RT/GKRS, and medication were reviewed from the medical records. The adenoma types were obtained from the pathology report, which were classified based on immunohistochemical staining using MABs against prolactin, GH, ACTH, bFSH, bLH, TSH, and a-subunit of pituitary hormones. Plurihormonal adenomas are tumors capable of producing two or more hormones that differ in chemical composition and immunoreactivity. Lactotroph adenoma, somatotroph adenoma, corticotroph adenoma, thyrotroph adenoma, and plurihormonal adenoma were further separated into functioning and non-functioning (silent) groups based on the presence or absence of hormonal symptoms, while gonadotroph adenoma and null cell adenoma were classified in the non-functioning group.
The significance of age, tumor volume, TVDT, and MIB-1 LI was tested by the Mann-Whitney test or Kruskal-Wallis test. The significance of gender and adenoma type was determined using the c 2 test or Fisher's exact test. The correlation between TVDT and MIB-1 LI was tested by Spearman's rank correlation coefficient and Pearson's product moment correlation coefficient. A linear regression model was used to generate an expression for MIB-1 LI when predicting TVDT. The optimal cut-off point of MIB-1 LI was using the point on the receiver operating characteristic (ROC) curve closest to (0, 1). The statistical difference was considered significant when the P value was !0.05.
The materials used in this study consisted only of archival specimens from this department. The procedures followed ethical standards of the Declaration of Helsinki 1975, as revised in 1983 and approved by the Institutional Review Board of our institute.
Results
The general data of the 160 pituitary adenomas that had received only surgical treatment during the entire course and had two or more post-operative MRI studies are shown in Table 1 . Post-operative progression was noted in 54 (33.75%) cases, while 106 (66.25%) cases were either stable or regress.
Of the 54 cases with post-operative tumor progression, their median age was 48.5 years (meanGS.D., 49.4G15.8). The median age of patients with functioning adenoma (36.0 years) was significantly less than that of those with non-functioning adenoma (53.0 years; PZ0.004). The male-to-female ratio was 1.1:1.0. Female predominance was seen in patients with functioning adenomas. The study group included all types of adenomas except for corticotroph adenoma and thyrotroph adenoma.
Of the parameters evaluated between the progressive group and the non-progressive group, none of them had significant difference (Table 1) . However, post-operative tumor progression was slightly more frequently seen in functioning adenomas (36.6%; 15/41 cases) than in non-functioning adenomas (32.8%; 39/119 cases), while the MIB-1 LIs of progressive adenomas (median 1.1, mean 2.7) were slightly higher than those of non-progressive adenomas (median 0.9, mean 1.5). The MIB-1 LIs of functioning adenomas (median 1.0, mean 2.7) and non-functioning adenomas (median 0.9, mean 1.7) were also not significantly different (PZ0.138).
The interval between the first and second MRI studies was 30.5G27.1 months (meanGS.D.; range 2-107.6 months). The tumor volume from the first MRI (V 1 ) of these 54 cases was 2.9 ml (0.001-44.4; median and range). The median tumor volume of functioning adenomas (1.1 ml) was smaller than that of nonfunctioning adenomas (3.2 ml), and it showed borderline significance (PZ0.050; Fig. 1a) . The tumor volume measured from the second MRI (V 2 ) was 4.4 ml (0.1-71.3; median and range). The median tumor volume of functioning adenomas (4.3 ml) was similar to that of non-functioning adenomas (4.4 ml), and they showed no significant difference (PZ0.199; Fig. 1b) .
The TVDT of the entire group ranged from 3.7 months (0.31 years) to 874.9 months (72.9 years) with a skew to the right (skewnessZ4.09). The mean TVDT was 78.7 months (6.56 years; S.D.Z148.3 months), and the median TVDT was 34.6 months (2.88 years). The drastic difference in the mean and median was due to the skewness and the presence of a few extremely slow growing cases. The median TVDT of the functioning adenomas was 33.7 months and that of non-functioning adenomas was 35.4 months; they were not significantly different (PZ0.735; Fig. 1c) .
The mean and median MIB-1 LI of the entire group were 2.7 and 1.1 respectively (range 0.4-20.6; Table 2 ). Those of functioning tumors were 4.0 and 1.8 respectively (range 0.4-20.6), which were higher than those of non-functioning tumors (2.2 and 1.1; 0.4-19.4). However, they were not statistically significant (PZ0.374; Fig. 1d) .
The TVDT and MIB-1 LI of these 54 cases were not significantly different in different genders, adenoma type, and functional status of the tumor (Table 2) . Although not reaching statistical significance, the median TVDT of younger patients (%median, 48.5 years; 27.1 months) was shorter than that of older (Omedian) patients (42.7 months; PZ0.065).
The MIB-1 LI was correlated with TVDT (Spearman's rank correlation coefficient, rZK0.303, PZ0.026), but not linearly correlated (Pearson's product moment correlation coefficient, rZK0.168, PZ0.223). The optimal cut-off point of MIB-1 LI by ROC curve was 0.8%. When LI R0.8, the TVDT of 51.5% cases (17/33) was !2 years, and when LI!0.8, the TVDT of 90.5% cases (19/21) was 2 or more years. The sensitivity and specificity of the prediction were 54.3% and 89.4% respectively. After log transformation, the MIB-1 LI was linearly correlated with log 2 (TVDT) (rZK0.363, PZ0.007; Table 3 ). This relationship showed borderline significance, while subgrouped into functioning and non-functioning adenomas. Using linear regression, the TVDT of pituitary adenoma could be estimated using the Table 1 General data of 160 cases of pituitary adenomas which had two post-operative MRI studies of at least 1 month apart and did not receive any treatments other than surgery prior to case selection. Data represented as n (%) or median (range).
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Discussion
Prediction of post-operative tumor progression is of clinical importance since it could help in adjusting the timing of adjuvant radiotherapy. MIB-1 LI would be a candidate for this task. There were many studies in the literature using MIB-1 LI to study pituitary adenomas. However, there was no consensus as to its relation with growth velocity and tumor recurrence (6, 7, 9-11, 13, 17-20, 23-25, 27) . Therefore, we intended to evaluate whether MIB-1 LI actually related to growth rate of pituitary adenomas, which was measured by radiographic studies.
There were four studies in the literature correlating MIB-1 LI with growth velocity or TVDT calculated from serial image studies of pituitary adenomas (7, 19, 20, 27) . Although three of them showed significant inverse correlation between LI and TVDT (7, 19, 20) , the TVDT of pituitary adenomas calculated in different series varied drastically, one being 930G180 days (mean GS.D.; range 200-2550 days) (7) and the other being 1836G3445 days (506-5378 days) (20) . Part of the reasons for this discrepancy could be related to the limited number of study cases (14 cases (7), 23 cases (19), 38 cases (20) , and 28 cases (27)), using a mixture of CT or MRI rather than a single form of image study for calculation of tumor size (7, 19) , and only studying nonfunctioning adenomas (7, 19, 20, 27) .
This study included all types of pituitary adenomas, both functioning and non-functioning, except for corticotroph adenoma and thyrotroph adenoma because of not fulfilling the selection criteria. We only used MRI rather than a mixture of CT and MRI to evaluate tumor volume because MRI has better resolution than CT, and using a single method would eliminate the differences between two study methods and allow better comparison between two studies of the )   75  70  65  60  55  50  45  40  35  30  25  20  15  10  5  0   75  70  65  60  55  50  45  40  35  30  25  20  15 same case and between different cases. Although we intended to include more cases in this study, there were only 54 cases (9.5%) out of a total of 596 pituitary adenoma cases that had undergone surgery and fulfilled the selection criteria during the 11-year case collection period. It is, therefore, understandable why there were only a few reports concerning this subject and studying relatively small number of cases in the literature (7, 19, 20) . It was noted in our observation that post-operative tumor progression only occurred in around one-third of the cases (33.8%). Of the 160 cases that had two postoperative MRI studies and did not receive other adjuvant therapies, 106 (66.3%) cases had a residual tumor size that was either unchanged or shrunk further, and the cause of the latter finding could be related to vascular damage due to surgery. All the parameters analyzed between progressive and nonprogressive groups, e.g. age, gender, adenoma types, functional status, initial tumor volume, and MIB-1 LIs, were not significantly different.
Excluding one case that exceeded the meanC4 S.D., the mean TVDT of the 53 cases within the meanC2 S.D. in our series was 63.7G100 months (1910 G3000 days; 5.31 years), which was very close to that reported by Tanaka et al. being 1836G3445 days (20) . As speculated by Tanaka et al., the much shorter mean TVDT, 930G180 days, reported by Ekramullah et al. (7) could be due to younger age of their patients (48G3.2 years; 57.1G15.7 years in Tanaka's series), since the TVDT of the younger patients (!61 years) of Tanaka's series was 1106 days (20) . However, the age of our study group, which was 49.4G15.8 (median 48.5) years, was similar to that of Ekramullah's series.
From the data in the literature and in our study, it was noted that except for a few cases that had high MIB-1 LI, most pituitary adenomas had low proliferation potential (7, 9, 12, 13, (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) . The MIB-1 LI of pituitary adenomas reported in different studies varied presumably due to differences in the staining and counting methodologies (7, 9, 12, 13, (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) . The reported mean ranged from 0.84 to 2.72 (7, 9, 12, 15-17, 19, 20, 23-25) , the median ranged from 1.50 to 1.80 (12, 14, 22, 23) , and the range was from 0 to 23.6 (7, 9, 13, 15, (18) (19) (20) (21) (22) (23) 25) . The mean, median, and range of MIB-1 LI in our series were 2.7, 1.1, and 0.4-20.6 respectively, and were similar to those reported. In our series, the LI of functioning tumors was higher than that of non-functioning tumors; however, the difference was not statistically significant.
There has been no consensus concerning the correlation between MIB-1 LI and pituitary adenoma progression in the literature. While some studies showed MIB-1 LI to be an independent predictor of progression (19, 24, 25) , others did not (11, 13, 18, 23) . Although not reaching statistical significance, our study found that the MIB-1 LI of progressive adenomas (median 1.1, mean 2.7) was slightly higher than that of non-progressive adenomas (median 0.9, mean 1.5).
Our study demonstrated a correlation between MIB-1 LI and log 2 (TVDT) in pituitary adenomas, and an equation was formulated to estimate TVDT with the use of MIB-1 LI. However, it was complicated and difficult to use in clinical practice.
Because of the wide range of TVDTs and MIB-1 LIs reported in the literature, it is unlikely to form a universally accepted MIB-1 LI cut-off value to distinguish progressive and non-progressive pituitary adenomas. Nevertheless, we proposed using MIB-1 LI of 0.8 as a threshold to alert for possible post-operative tumor progression, since the optimal cut-off point of MIB-1 LI by ROC curve was 0.8%, and the mean MIB-1 LIs reported in the literature and in this study were O0.8 (ranged from 0.84 to 2.72) (7, 9, 12, 15-17, 19-21, 23-25) . For our studied pituitary adenomas with MIB-1 LI R0.8, the TVDT of 51.5% cases was !2 years, and for tumors with MIB-1 LI !0.8, the TVDT of 90.5% cases was 2 or more years. While the sensitivity of the prediction was low (54.3%), the specificity was acceptable (89.4%).
Besides MIB-1 LI, the functioning status of pituitary adenoma was also correlated with post-operative tumor progression. A previous study has shown that functioning adenomas were less frequently progressed in size than non-functioning adenomas (25 vs 58%, PZ0.001) during post-operative follow-up (25) . Our observation did not reveal a significant difference and showed that post-operative tumor progression in functioning adenomas and non-functioning adenomas were 36.6 and 32.8% respectively (PZ0.656). The MIB-1 LI of our functioning adenomas (median 1.8) was slightly higher than that of non-functioning adenomas (1.1), although it was not statistically significant. It has also been reported that the MIB-1 LI of functioning adenomas was significantly higher than that of non-functioning adenomas (21) . It is also possible that the functioning adenomas in our study might not be representative for all functioning adenomas, since tumors that were larger and invasive usually had received adjuvant radiotherapy and were excluded from this study.
In conclusion, our data showed that most pituitary adenomas have low proliferative potential, and their MIB-1 LIs were significantly correlated with the MRI detected TVDT. Post-operative tumor progression occurred in only one-third of cases, while the rest were either stable or underwent further shrinkage. Although it was difficult to set an absolute threshold to predict post-operative progression, MIB-1 LI of !0.8 indicated a slower growing tumor.
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